We study magnetohydrodynamic (MHD) standing shocks in ingoing plasmas in a black hole (BH) magnetosphere. Fast and intermediate shock formation is explored in Kerr geometry. We find that low or high latitude standing MHD shocks are both possible, creating a very hot plasma region near the event horizon. Shocked downstream plasmas become substantially hot or magnetized depending on model parameters. We also investigate the effects of the poloidal magnetic field and the BH spin on the properties of shocks and show that both effects can significantly affect the characteristics of MHD shocks. A speculation for a possible connection between the global BH magnetosphere and the resulting shocks is presented in the framework of a simple disk-corona model. MHD shock formation can be a plausible mechanism for high energy radiation which illuminates the underlying accretion disk, relevant for the cause of the observed iron fluorescence in accretion-powered active galactic nuclei (AGNs).
Introduction
From X-ray observations of accretion-powered AGNs, particularly from Seyfert galaxies, it has been becoming more evident that accretion disks play a crucial role in the central high energy activities (e.g., Pounds et al. 1994) . Rapid instrumental progress of the recent X-ray observatories (i.e., Chandra and XMM-Newton) allows us to further investigate the detailed dynamics of accreting plasmas in the immediate environment of supermassive BHs hosted in these AGNs.
It has been widely accepted that the gravitational energy of the plasma is viscously dissipated into thermal energy in the course of accretion, producing the signature of thermal emission in the observed spectra in many Seyfert galaxies. Furthermore, the presence of the power-law continuum component may be indicative of the involvement of magnetic fields in/around the accretion disks (see, e.g., Haardt & Maraschi 1991 , for an AGN model). Therefore, in order to better understand the nature of the accreting magnetized plasma near a BH, it is important to consider the role of both general relativity and magnetic field. According to the inverse Comptonization scenario for AGNs, soft thermal photons emitted from the accretion disk is Compton up-scattered by energetic electrons in a surrounding hot region (i.e., a corona), producing hard X-ray photons (Di Matteo, Esin, & Fabian 1999) . Such hard X-rays are now considered to produce a variety of spectral features in many Seyfert galaxies (see Fabian et al. 2000; Reynolds & Nowak 2003, for review) . Some of the observed iron fluorescent lines are considered to support the idea that the accretion disk is irradiated by a hard X-ray source somewhere, possibly in hot regions very close to the BH (see, e.g., Miniutti & Fabian 2004; Fabian et al. 2005 , for observational suggestions). The exact origin of such relativistic electrons and high-temperature regions, however, is still not well understood. Although a local magnetic flare (perhaps via reconnection) is a possible candidate (e.g., Liu, Mineshige, & Shibata 2002; Takahashi et al. 2002, hereafter TRFT02) , reliable MHD simulations of coronal formation above the disk are still some years away (e.g., Ballantyne, Turner, & Young 2005) . More recently, Meier (2004) proposed that the inner part of the ingoing flows may enter a magnetically-dominated, magnetosphere-like phase in some Galactic BH systems (e.g., GRS 1915+105) and perhaps some low-luminosity AGNs (e.g., NGC 6251) as well. His model is based on a strong, large-scale magnetic field structure around a BH. In the presence of such a large-scale magnetosphere, the rotational energy of a rapidly-rotating Kerr BH can be extracted via the BZ-process (Blandford & Znajek 1977) when the BH is directly coupled to the surrounding disk through the magnetic fields (e.g., Li 2002a). These issues apparently point to the importance of investigating the basic physics of a radiation source in the BH magnetosphere that could be responsible for the observed X-ray activities. The primary motivation of our current paper is thus to propose an alternative or supplementary scenario, in terms of MHD shock formation in inflowing plasmas, to explain how such hot regions (i.e., an X-ray source) can be created in the BH-disk magnetosphere.
In terms of the standard disk-corona model, the cool equatorial accretion disk (T ∼ 10 5−6 K) is thought to be sandwiched between high-temperature coronal regions (T ∼ 10 9 K) with magnetic fields interacting between the two regions (e.g., Liu, Mineshige, & Shibata 2002; Reynolds & Nowak 2003) . On the other hand, when considering the BH magneto-sphere (e.g., Nitta, Takahashi, & Tomimatsu 1991; Tomimatsu & Takahashi 2001; McKinney & Gammie 2004; Uzdensky 2005) , relatively tenuous plasma accretion associated with a large-scale poloidal magnetic field is further possible above the dense hydrodynamic (HD) geometrically thin-disk. We make a theoretical implication of a possible link between the conditions of MHD shocks and the requirement on BH plasma accretion in the framework of the standard disk-corona model.
In the series of our previous investigations, in the context of general relativity, (see, TRFT02; Rilett 2003, hereafter R03; Fukumura 2005; Takahashi et al. 2006 , hereafter Paper I; Takahashi et al. 2006, in preparation) , it has been shown that shock formation in MHD plasmas inflowing onto a BH can be a physically plausible mechanism for creating a very hot plasma (i.e., T 10
12 K for ions and T 10 9 K for electrons), possibly associated with subsequent thermal/non-thermal X-ray emission. These previous studies are the extension of the earlier works on HD shock formation in BH accretion (e.g., Chakrabarti 1990; Lu et al. 1997; Lu & Yuan 1998; Fukumura & Tsuruta 2004, hereafter FT04) . These authors point out that the rotation of a BH is also important for determining the shock strength. The slow magnetosonic shock formation in relativistic ingoing flows near a BH was first explored by TRFT02. By extending the work on shock formation in relativistic winds by Appl & Camenzind (1988) , these authors solved general relativistic jump conditions in accreting plasmas. It was suggested that relativistic slow/fast MHD shocks can significantly heat up the postshock plasma (generation of hot regions), which can produce a sufficient amount of X-rays and γ-rays. R03 and Takahashi et al. (2006, in preparation) systematically examined the types of the preshock plasma mainly for slow MHD shocks. Fast MHD shock formation in inflowing plasmas was first studied in Paper I where a non-rotating BH was primarily considered.
The above studies were conducted primarily for the equatorial accretion flows. For illuminating the disk in our model, however, non-equatorial flows and shock formation (both low and high latitudes from the equator) are important. Therefore, we investigate in this paper the angular dependence of the shock properties (e.g., shock radius, compression ratio, number density, magnetization, entropy generation and so on). Solid understanding of nonequatorial shock formation is critical for comparing our theoretical implications with future observations. Furthermore, from observations of some Seyfert nuclei, central BHs have been speculated to be rapidly rotating (e.g., Iwasawa et al. 1996a,b; Fabian et al. 2002; Wilms et al. 2001) . In this respect, we also study the effects of BH rotation as well.
In a realistic BH magnetosphere, the magnetic field geometry should in principle be described by the trans-field force balance equation (the Grad-Shafranov equation), which prescribes the mutual interaction between the frozen-in plasma and the surrounding global -A schematic picture of MHD shock formation in a global BH magnetosphere where the inner magnetic field can be approximated to be radial (not drawn to scale). Note that non-equatorial ingoing (and outgoing also) MHD plasmas, originating from the upper layer of the dense accretion disk, are made possible in the presence of the poloidal magnetic fields. magnetic fields. As the accreting plasma generates the toroidal/poloidal current distribution, the poloidal/toroidal magnetic fields are produced and the magnetosphere is constructed. Although there have been some attempts in the past to study the exact magnetospheric configuration around BHs (see, for instance, Mobarry & Lovelace (1986) for Schwarzschild geometry and Camenzind (1987) for Minkowski geometry), this is still an extremely difficult task to do. Nitta, Takahashi, & Tomimatsu (1991) extended the above work to Kerr geometry in order to analytically study a rotating BH magnetosphere, where they found a dipole-like field in the vicinity of the BH (see Figure 3b in Nitta, Takahashi, & Tomimatsu 1991) . Tomimatsu & Takahashi (2001) solved a vacuum magnetosphere with a thin equatorial disk and obtained a dipole-like geometry in the innermost disk region. A similar magnetospheric structure was discussed by Li (2002b) . However, in the framework of MHD, the dipolelike field near the event horizon should be modified to radial because of the plasma inertia effects. Recently, Uzdensky (2005) and Komissarov (2005) have also found global poloidal magnetic field lines that are nearly radial at the event horizon. Figure 1 schematically illustrates a magnetic field geometry where the accreting plasma in the innermost region of a BH magnetosphere streams along the nearly radial magnetic field lines. We expect the formation of a shock along the disk-BH connecting magnetic field lines, which illuminates the underlying accretion disk. Although the plasma flows can originate from the accreting material in the equator, the subsequent path can be diverse. In this paper, we consider the equatorial plasma flows as bulk flows and the non-equatorial plasma flows as non-bulk flows in that the dominant accretion (i.e., bulk flows) is taking place in the equator. The non-equatorial flows (non-bulk flows) are supported by the global poloidal magnetic field where whose foot-points on the disk surface could reside within a several times the disk inner-edge radius (see Figure 1) . The number density of such flows would be rather small. On the other hand, the equatorial flows (bulk flows) are more likely to be hydro-dominated with relatively large accretion-rate and angular momentum, constantly falling onto the BH (labelled by thick arrows in the equator in Figure 1 ). In addition to ingoing plasmas, outgoing plasmas are simultaneously ejected at distant disk regions and blown away along open magnetic fields as jets/winds. Following this implication from the above authors (i.e., TRFT02; Paper I), when considering ingoing flows we will adopt a split-monopole poloidal field geometry near the horizon (e.g., Michel 1973a,b; Blandford & Znajek 1977) as the first-order approximation to the dipole-like field configuration. In this geometry the field lines connect the disk surface to the event horizon. Based on the ideal MHD conditions, the ingoing plasma is assumed to be frozen-in to the magnetic field.
We stress here that the model in the series of our work on MHD shock formation has been based on the presence of global, well-ordered, poloidal magnetic fields that can couple to both the BH and the accretion disk (e.g., Tomimatsu & Takahashi 2001; McKinney & Gammie 2004; Komissarov 2005; Uzdensky 2005 ). It should also be emphasized that our MHD ingoing plasmas are fundamentally different from the conical equatorial HD flows often adopted in conventional HD thick/slim disk models (see, e.g., FT04 for a weak-field limit): (1) While there is dense HD accretion taking place in the midplane of the accretion disk (as in the traditional HD disk models), there can exist low-density, non-equatorial, ingoing/outgoing plasma winds frozen-in to the large-scale BH magnetosphere (see Figure 1 ). This situation, for instance, is somewhat similar to the case of coronal mass ejections (CMEs) in the solar surface (e.g., Sterling & Hudson 1997) . (2) Our ingoing plasmas (non-bulk flows) stem from the upper surface of the dense accretion disk (bulk flows). That is, the mass-accretion rate for the non-equatorial plasma (non-bulk flows) should be only a small fraction of that of the equatorial bulk flows. Accordingly, some properties, such as energy and/or angular momentum, can be quite different between these two flows. (3) In our model we focus on the global magnetic field lines connecting to the BH horizon at mid/high latitudes, where magnetic instabilities may not be as essential as in the equatorial disk plane. We, therefore, remind readers that our ingoing non-equatorial "accretion" should not be confused with the conventional dense (low magnetization) HD "accretion" in the equator. The former represents a significant departure from the latter, conventional accretion flows.
The structure of this paper is as follows. In §2 we briefly summarize our previous work on MHD shock formation in a rotating black hole magnetosphere, explaining the transmagnetosonic property of the plasma. Subsequently, we show general relativistic MHD shock conditions. The parameter dependence of the shock-related quantities is presented in §3 where low and high latitude MHD shocks are found for various plasma quantities. In §4 we discuss our results in terms of a BH-disk system coupled to a global magnetosphere. Brief summary of the current work and concluding remarks, including discussion of our future work, are given in the last section, §5.
Assumptions & Basic Equations

Black Hole Magnetosphere and MHD Accreting Flows
We consider stationary and axisymmetric ideal MHD accretion flows in Kerr geometry. The background metric is written by the Boyer-Lindquist coordinates with the c = G = 1 unit,
where
, and m and a denote the mass and angular momentum per unit mass of the black hole, respectively. We take m = 1 throughout this paper. The BH event horizon is r H ≡ 1 + √ 1 − a 2 .
In the context of general relativistic ideal MHD, the basic equations governing plasmas consist of: (1) particle number conservation law: (nu α ) ;α where n is the proper particle number density and u α is the plasma four-velocity, (2) equation of motion: T αβ ;β = 0 where T αβ is the energy-momentum tensor for plasmas and (3) ideal MHD condition: u β F αβ = 0 where F αβ is the electromagnetic field tensor. We also denote the poloidal plasma velocity as u
The energy-momentum tensor T αβ is given by
where F 2 ≡ F µν F µν and µ = (ρ + P )/n is the relativistic enthalpy, P is the thermal gas pressure and ρ is the total energy density. In the Boyer-Lindquist coordinates, the toroidal component of the magnetic field seen by a distant observer is defined by B φ ≡ (∆/Σ)F θr .
For a stationary and axially symmetric ideal MHD plasma, there exist five conserved quantities along a field line: total energy E and angular momentum L of the plasma, angular velocity of the magnetic field line Ω F , particle flux per magnetic flux η and entropy S (see Camenzind 1986, R03) . The total energy and angular momentum of the plasma are
where Ω F ≡ −F tr /F φr = −F tθ /F φθ (see Bekenstein & Oron 1978) and η ≡ nu p /B p . Here, the poloidal magnetic field in our assumption is explicitly given by B p (r) ≡ C/( √ ∆Σ r δ ) where the constant C corresponds to the field strength at a plasma source (i.e., an injection point). To investigate the effects of non-radial poloidal magnetic field, the poloidal field is parameterized by δ: δ = 0 for a purely radial poloidal field and δ > 0 for an outward diverging field. The radial poloidal magnetic field with δ = 0 is adopted in most of our computations unless otherwise stated. The dynamical timescale of accretion is assumed to be much shorter than diffusion timescale so that the adiabatic prescription is used for the infalling plasma as P = Kρ Γ , where Γ is the adiabatic index and K is related to entropy S. We introduce the so called entropy-related mass-accretion rate (e.g., Chakrabarti 1990) aṡ
where m p is the particle mass and the polytropic index N is given by Γ = 1 + 1/N. Note thatṀ = 0 for the cold flow limit (because of K = 0).
The poloidal equation is given by (see, e.g., Takahashi et al. 1990 )
, where ω ≡ −g tφ /g φφ is the angular velocity of a zero angular momentum observer (ZAMO), and the relativistic Alfvén Mach number M is defined as
The toroidal magnetic field B φ is expressed as B φ = −4πηEρ w f .
Any physical MHD accreting plasma ejected from the plasma source onto a BH must be fast magnetosonic at the event horizon, going through three magnetosonic critical points: a slow magnetosonic point (S: r = r S where u p = u SW ), the Alfvén point (A: r = r A where u p = u AW ) and a fast magnetosonic point (F: r = r F where u p = u F W ). At each magnetosonic point the plasma speed is equal to each magnetosonic wave speed. Here, u SW , u AW and u F W are the slow, the Alfvén and the fast magnetosonic wave speed, respectively (see Takahashi et al. 1990 , for their definitions).
The function f becomes zero when the numerator, G φ + G tL , is zero. There are one or two radii saisfying this condition and we will denote this radius (r = r A ) the "Alfvén radius". When the plasma poloidal speed becomes equal to the Alfvén speed (u p = u AW or M 2 = α) at this radius, this point is called the "Alfvén point". Otherwise, it is termed the "anchor point" where the toroidal component of the magnetic field B φ is zero (M 2 = α). In the next section, let us apply MHD shock conditions to these accreting plasma flows.
General Relativistic MHD Shock Conditions
In TRFT02 and Paper I, we discussed in detail general relativistic Rankine-Hugoniot shock conditions in Kerr geometry that apply to accreting plasmas: particle number conservation [nu α ] sh ℓ α = 0, energy and angular momentum conservation [T αβ ] sh ℓ α = 0 and magnetic flux conversation [ * F αβ ] sh ℓ α = 0, where ℓ α = (0, 1, 0, 0) is the unit vector normal to the shock front and * F αβ is the tensor dual to F αβ . The square brackets denote the difference between the values of a quantity on the two sides of the shock front. After a considerable mathematical manipulation, these conservation laws lead to the following jump conditions:
whereÊ ≡ E/m p andη ≡ 4πηm p /C. The subscripts "1" and "2" respectively denote the preshock and postshock quantities. The field-aligned conserved quantities (E,L, Ω F , η) are continuous across a MHD shock. Note thatṀ is also continuous in shock-free flow regions, whereas it is discontinuous across a shock because of the entropy generation K.
We further restrict ourselves to cold preshock plasmas (i.e., P = 0) which is initially injected from a plasma source (e.g., accretion disk/torus). We impose that the cold plasma starts falling onto the BH with small u p from this injection point (I) which is located somewhere between the outer light surface (L) and the Alfvén point (A). The exact location of the injection point will be important when considering the boundary conditions of the accreting plasma that should be specified by some accretion disk model, but that is beyond the scope of our present paper.
Useful Shock Quantities
We now introduce some shock-related quantities that are useful to examine the properties of MHD shocks. First, let us define the magnetization parameter σ, which denotes the ratio of the Poynting flux to the net mass-energy flux of the accreting plasma seen by the ZAMO (see TRFT02). From the ZAMO's standpoint, σ can be written as
whereh ≡ g tt (1 − ωL) andẽ ≡ 1 −LΩ F . We also introduce a toroidal field amplification factor q as
Here, q > 1 for the fast MHD shock, 0 ≤ q < 1 for the slow MHD shock, q < 0 for the intermediate MHD shock and q = 1 for no shocks. For the illustration purpose, we will use 1/q in the later sections to avoid infinity (i.e., q → ∞) at the switch-on shock location.
Local strength of a shock is measured by the ratio of the postshock to the preshock number density, n 2 /n 1 , as
Since any physical shocks that are compatible with the second law of thermodynamics must be compressible, we require λ > 1 for physically relevant shock formation.
Because of the compression of the plasma at the shock front, the postshock plasma is heated up (due to adiabaticity). In order to quantitatively evaluate shock heating, we furthermore define a dimensionless postshock plasma temperature Θ as
assuming the equation of state for an ideal gas (i.e., P = nk B T where k B is the Boltzmann constant and T is the plasma temperature). Notice that Θ ≪ 1 for the cold flow (P = 0 and µ = m p ). Depending on the temperature Θ, the postshock flow, heated by the shock, may be capable of emitting thermal radiation in the X-ray regime, although in practice it is also necessary to consider non-thermal radiation due to the magnetic field.
Shock-Included MHD Accretion Flows
Here, we briefly describe a shock-included trans-magnetosonic MHD plasma. The poloidal equation (6) specifies the velocity of a plasma flow for a given set of initial parameters. In the absence of shocks, the accreting plasma injected at the injection point (I) passes through the Alfvén point (A) and a fast magnetosonic point (F) before reaching the horizon (H) (i.e., I → A → F → H). When a MHD shock develops, both preshock and postshock plasmas must pass through appropriate critical points. As discussed earlier, for a given set of conserved quantities, there exist two Alfvén radii : outer and inner Alfvén radii. We consider that an upstream preshock plasma goes through the outer Alfvén radius while the corresponding downstream postshock plasma passes through the inner Alfvén radius. The outer Alfvén radius is identified as the Alfvén point (A) while the inner Alfvén radius corresponds to the anchor point. The anchor point is located somewhere between the outer fast magnetosonic point F out and the fast MHD shock location. When a shock forms inside the anchor point, the magnetic field line is refracted away from the shock normal. Such a shock is called a fast MHD shock. In fast MHD shocks, the preshock plasma must be super-fast magnetosonic while the postshock plasma must be sub-fast magnetosonic. This postshock plasma must pass through another fast magnetosonic point (F) again before reaching the horizon (H) (i.e., I → A → F out → Fast Shock → F in → H). When a shock forms outside the anchor point, the magnetic field line is flipped over across the shock normal changing its sign. Such a shock is called an intermediate MHD shock (see, e.g., Hada 1994; De Sterck & Poedts 2000 , for its physical significance). In intermediate MHD shocks, the preshock plasma must be super-Alfvénic while the postshock plasma must be sub-Alfvénic. This postshock plasma must pass through another Alfvén point (A) and a fast magnetosonic point (F) subsequently again before reaching the horizon (H) (i.e., either
When a shock occurs right at the anchor point, it is called a switch-on shock because the toroidal field is switched on across the shock.
The shock condition given by equation (9) determines whether a MHD shock can form. In such a global accretion solution with a MHD shock, the preshock cold plasma (i.e.,Ṁ 1 = 0) is physically connected to the subsequent postshock hot plasma (i.e.,Ṁ 2 > 0) through a fast MHD shock formation (see Paper I). Note that the physically valid hot accretion flow must lie outside the so called forbidden region (FR) whereṀ 2 ≤ 0. Any solutions within the FR are unphysical from the second law of thermodynamics (i.e., entropy generation). In the next section we systematically explore the parameter dependence of the resulting MHD shocks by varying certain primary quantities.
Numerical Results
To simplify the situation, let us restrict ourselves to a cold preshock plasma (i.e., P = 0). We also focus our attention primarily on fast MHD shock formation although some intermediate MHD shock formation is partially presented in our parameter search. See TRFT02 and R03 for slow MHD shock formation. Throughout this paper, we are interested in the case where the magnetic field lines on the BH magnetosphere rotates faster than the black hole itself (i.e., Ω F > ω H where ω H ≡ ω(r H )). AC88 and R03 both have suggested that Γ = 4/3 is not a good approximation even for large radial velocity. In many fast shock cases, R03 has found that Γ ∼ 3/2 (i.e., N ∼ 2). Following their claim, we choose Γ = 3/2 (N = 2) in this paper. We note that this choice is not qualitatively too critical for our end results.
As to the choice of parameter sets for computations, there are certain restrictions for changing our parameters. Because of the regularity conditions at the magnetosonic points and the shock conditions connecting preshock and postshock trans-magnetic flows, three out of five conserved parameters are determined. Consequently, for a given BH spin a and polar angle θ, one must change at least one field-aligned parameter when changing a shock location r sh to obtain a shock-included trans-magnetosonic solution. Therefore, we change one parameter at a time in such a way that the degeneracy in shock solutions is removed. This allows us to systematically examine each parameter-dependence on the shock solutions.
Angular Dependence
We consider the angular (θ) dependence of the shock quantities by varying one of the following initially conserved parameters:η,Ê,L or Ω F . We first find that changing a single parameter out of (E,L, Ω F , η; θ) generally does not allow the shock formation in the entire polar angle θ. That is, the complete shock surface over the entire polar angle (0
• ) is not found. For a comprehensive study of the angular-dependence, we thus treat the following two cases separately to investigate similarities and differences in shock quantities: (i) the low/mid-latitude shock formation closer to the accretion disk and (ii) the high-latitude shock formation in the polar region.
Low/Mid-Latitude Shock Formation
We first investigate a possibility of non-equatorial MHD shocks formed relatively close to the equatorial accretion disk. In Figure 2 we show some shock properties (shock strength λ, postshock plasma temperature Θ, amplification of the toroidal magnetic field q, magnetization parameter σ and postshock mass-accretion rate M 2 ), where θ = 90
• and a = 0 are adopted as a "template solution". In order to see the exclusive effects of the polar angle θ, only one parameter (amongη,Ê,L and Ω F ) is varied at a time as θ is varied with the rest of the quantities fixed at their template values, where a shock surface r = r sh (θ) is also determined (Figure 2a,b) . We find that theη-dependence on the shock is nearly identical to theÊ-dependence, and hence we treat both parameters as one parameter, namelyηÊ from now on, unless otherwise noticed. In this figure Ω F ,L, andηÊ are varied along the dotted, dashed and solid curves, respectively. Along the curves, the arrows indicate the increase of the parameters labelled as θ changes.
Figure 2 apparently shows the diversity of the non-equatorial MHD shocks, spanned over a widely acceptable range of the parameters. More specifically, there appear to exist three regimes in terms of how the shock properties change as θ is varied: Figure 2a the first regime appears whenL is varied along the dashed curve. As θ decreasesL decreases, consistent with the notion that less angular momentum is necessary for accretion to take place near the mid-latitude region than in the equator. The shock can occur at angles as low as 30
• . The shock develops further out as θ decreases, and its strength λ decreases (see Figure 2b) . The postshock plasma in this regime almost remains merely "warm" (i.e., Θ 0.5) regardless of the value ofL (see Figure 2c) . Note that the plasma gradually gets magnetized more strongly with increasing θ (toward the equator), but not strongly magnetized in terms of σ (i.e., σ 1,2 1) in Figure 2e . Let us recall here that the total energy of the plasma consists of two components: the fluid and magnetic components (see equation (3)). The fluid component is further divided into two parts: the kinetic (via u t ) and thermal (via µ) parts. Thus, relatively low Θ and small σ imply that the kinetic part of the energy E is dominant for the postshock plasma in this regime.
[Regime 2] The second regime appears when Ω F is varied (along the dotted curve). As θ decreases, Ω F increases (see Figure 2a) . Unlike the regime 1, in Figure 2b the shock location • , labelled by a square symbol (2),L is varied along the dashed curve (regime 1), Ω F is varied along the dotted curve (regime 2), andηÊ is varied along the solid curve (regime 3). The arrows along the curves indicate the increase in the parameters as shown. The filled circles (•) with numbers, (1) and (2), indicate the models explained in the text. extends radially inward as θ decreases (down to ∼ 54
• at the minimum). There appears to be a clear anti-correlation between Θ and σ 2 . It is interesting that the shock first becomes stronger as θ decreases, and then it eventually becomes weaker (rise and fall). The dramatic drop in λ(r sh ) at ∼ 56
• in Figure 2a is explained as a consequence of the trans-magnetosonic property of the shocked accreting plasma. As the shock location shifts inward toward the event horizon, the (radial) velocity jump across the shock must substantially decrease because the postshock plasma speed must reach up to the magnetosonic speed again before entering the horizon. In other words, the plasma cannot afford too large a velocity jump because of such a trans-magnetosonic property after the shock. Thus, u r 1 − u r 2 decreases. Consequently, due to the trans-magnetosonic property the shock naturally becomes weaker as the shock location approaches the horizon. This behavior is also seen in the HD shocks (see, e.g., Lu & Yuan 1998; FT04) and the equatorial MHD shocks (see Paper I), and therefore it may be independent of the presence of magnetic fields. More importantly, the postshock plasma can be strongly magnetized (larger B φ2 ) when Ω F is relatively larger at smaller θ, while the postshock temperature Θ may stay relatively low there (see Figures 2c and e) and the increase of the toroidal field is small (the value of q is almost unity).
[Regime 3] In Figure 2a , whenηÊ increases with decreasing θ (along the solid curve), the shock location extends further out as in regime 1. However, the shock strength rapidly grows. Accordingly, Θ increases significantly with decreasing θ. σ stays relatively small. Thus, the shocked plasma in this regime can be viewed as "very hot" (i.e., Θ 1). As mentioned earlier, we find that the dependence onη andÊ is quite identical.
In this approach, a single parameter alone is varied to remove the degeneracy in the shock solutions, simplifying the situation. In the actual BH magnetosphere, it is possible that more than two quantities out of (E,L, Ω F , η; θ) continuously change over the shock surface (r sh , θ). In that case, the properties of a more realistic shock surface can be a composite of the above results. Nonetheless, it will be useful to understand specific features as shown in regimes 1 ∼ 3, when we are to further explore MHD shocks in complicated, more realistic BH magnetospheres. (2), is chosen at θ = 90
• . The other notations are the same as in Figure 2 .
We see prominent correlations between Θ andηÊ, and between Θ andṀ 2 , while a clear anti-correlation between Θ and σ 2 . We verify the persistent presence of the above three regimes by examining a rotating BH case with a = 0.5 using a different template parameter set. Figure 3 shows the obtained primary shock properties. This figure indicates that the suggested regimes are not merely accidental, but generally inherent to MHD shock formation. However, we can not immediately compare the BH spin-dependence from these results because of the coupling with the other parameter dependence. We shall discuss the effect of BH rotation in a later section, §3.3.
Global Solutions of Shock-Included Accreting Plasmas for Low/Mid Latitudes
We have discussed the physical quantities at the shock front. In order to further explore the global behavior of the shocked accreting plasma, in Figure 4 we show the global shockincluded BH accretion solutions in which θ andL have different values (corresponding to regime 1 in Figure 2 ): Model (1) θ = 90
• and Model (2) θ = 40
• . In each model, we show the radial profile of the following quantities: radial four-velocity |u r (r)|, toroidal four-velocity u φ (r), magnetization parameter σ(r), toroidal magnetic field B φ (r), plasma number density n(r), postshock plasma temperature Θ(r). Note that σ(r) tells us a degree of magnetization of the plasma while Θ(r) denotes thermal property of the postshock magnetized plasma. Table 1 shows the characteristics of our two models (1) and (2) for the regime 1 in Figure 2 whereL was varied over θ. Model (1) denotes an equatorial plasma with largẽ L while Model (2) represents a mid-latitude plasma with relatively smallL. (E, Ω F , η) are the same between the two models. The former develops a stronger shock than the latter. Here, the rotational energy per total energy of the plasma represents two distinct states: a magneto-dominated (σ 2 1 andLΩ F ∼ (LΩ F ) min ) and a hydro-dominated (σ 2 1 and LΩ F ∼ (LΩ F ) max ) state. We should point out that (LΩ F ) max/min are required to obtain two possible locations of the Alfvén points. See Takahashi (2002) and Paper I for the exact definitions of (LΩ F ) max/min . In our current situation (i.e., ω H < Ω F ), the energy of the upstream plasma is characterized by kinetic energy rather than magnetic energy. Thus, the upstream cold plasma is always forced to be hydro-dominated in that the upstream magnetization σ 1 (r) is very small (σ 1 (r) ≪ 1) despite the cold limit. On the other hand, the postshock downstream plasma is either hydro-dominated or magneto-dominated. Let us now discuss our results of the global solutions.
First of all, we notice that the postshock toroidal velocity u φ 2 (r) is nearly zero in both models (see Figure 4b) , meaning that the shocked plasma almost radially (not conically) falls Table 1 . Characteristics of models (1) and (2) onto the BH. The postshock radial velocity u r 2 (r), which is the dominant velocity component, appears to be nearly constant even though the plasma is subject to very strong gravity (see Figure 4a ). This is because of both the outward magnetic force and gas pressure. In the presence of the inwardly increasing toroidal magnetic field (see Figure 4d) , the plasma is subject to the magnetic pressure and magnetic tension. Besides, the downstream plasma possesses gas pressure (P ∝ nΘ) which also increases inwardly (see Figures 4e and f) . These outward forces contribute to keep the radial speed from getting too large. Because of smaller |u r 2 (r)| in Model (1), the number density of the postshock plasma is greater than that of Model (2) (see Figure 4e) . We also see in Model (1) that the postshock magnetization σ 2 (r) exceeds unity while Θ(r) is not very high even near the horizon (see Figure 4c) . As θ changes from 90
• (Model (1)) to 40
• (Model (2)), σ 2 (r) decreases much more significantly than Θ(r). A similar trend is also reflected by a large decrease (in magnitude) in the postshock downstream magnetic field B φ2 (r). This behavior shows that the downstream plasma in Model (1) shows more magneto-dominated characteristics than that in Model (2) along a magnetic field line. In other words, as θ increases, the magnetic property becomes more effective in the downstream plasmas, leading to a more magneto-dominated postshock state in low-latitude regions. Hirotani et al. (1992) discussed the energy transport (or energy redistribution of plasma) between the fluid and magnetic components in shock-free accreting MHD plasma. Our present analysis shows that this energy transport can even more effectively operate across a MHD shock front.
It can be shown from equations (3) and (4) thatLΩ F ∼ (LΩ F ) max is obtained when the magnetic term (second term) becomes dominant over the fluid term (first term). In Table 1 , as θ increases,LΩ F increases. Therefore, by definition, the upstream accreting plasma is expected to transit from the hydro-dominated to the magneto-dominated state as θ increases (model(2) → model(1) in Table 1 ). This outcome is in good agreement with the case where we get relatively larger σ 2 (r) while smaller |u r 2 (r)| with θ = 90
• in the regime 1 (see Figures 2  and 4) . We also verify this result by obtaining a similar trend in the regime 2 where Ω F is varied (magnetization σ 2 (r) is in fact larger in this case).
To further support this interpretation, in Figure 5 we examine the components of energy of the plasma, namely fluid E f luid and magnetic E mag components, for models (1) and (2) in the regime 1. Generally, the preshock plasma energy consists of kinetic and magnetic components where the kinetic component is dominant. The postshock plasma, on the other hand, gains some magnetic and thermal energy, but it is not unique which of such two components increases more depending on the model parameters. In Figure 5 , for the postshock plasma, the magnetic component becomes comparable to the fluid component when θ = 90
• , whereas the fluid component is dominant when θ = 40
• . This is consistent with our previous interpretation of Figure 4 that the postshock plasma in Model (1) is better characterized by Fig. 4. -The global shock-included solutions where both θ andL are varied. The numbers (1) and (2) indicate the models adopted: (1) θ = 90
• and (2) θ = 40
• . These sets of solutions correspond to regime 1 in Figure 2 . We set a = 0. In the top row from left to right, we show radial velocity |u r |, azimuthal velocity u φ and magnetization σ. In the bottom row from left to right, toroidal magnetic fieldB φ , plasma number density n and plasma temperature Θ are plotted, respectively. Filled circles (•) represent magnetosonic points (F in and F out ) as indicated, while a solid downward arrow denotes the shock transition from a preshock cold plasma to a postshock hot plasma. The outer portion of the global solutions (through I and A) is not shown for presentation purposes. See Table 1 for model parameters. magnetic property while in Model (2) it is better characterized by hydrodynamic property. These results are thus indicative of a smooth transition from the hydro-dominated to the magneto-dominated state as θ increases. In fact, across the fast MHD shocks, the magnetic component E mag discontinuously increases because of the increasing toroidal magnetic field B φ . The downstream plasma energy thus consists more of E mag as a result. What we find here is that the degree of the magnetization in the downstream plasma strongly depends on the preshock parameters.
Lastly, Figure 6 shows the spatial distribution of the shock surface r sh (θ) (in the poloidal plane) with several characteristic surfaces whenL is varied (regime 1). The fast shock radius r sh radially shifts outward as θ decreases, and the mid-latitude shock formation is possible Table 1 for model parameters. The downward arrow denotes the shock.
up to θ ∼ 30
• , as discussed in Figure 2 . For θ < 30 • , the shock solutions are found inside the inner fast point (i.e., r sh < r in F ), but this is unphysical due to the required boundary conditions, and hence we must reject these solutions. Note that reducing the plasma angular momentumL would allow higher-latitude shock formation as seen in Figure 2a (see regime 1).
High-Latitude Shock Formation
Let us proceed to polar shocks. Since the acceptable range of parameters do not necessarily overlap between distinct regions with smaller and larger θ, due to both the shock conditions and trans-magnetosonic conditions, we are forced to select a template parameter set different from the low-latitude case. Following the same approach as in the low/midlatitude shocks, θ and another parameter alone are varied, starting from the template solution at θ = 6
• in this case.
Figures 7 and 8 show the resulting shock solutions for a = 0 and a = 0.5, respectively. The characteristic trend in these figures is remarkably similar to that in the low/mid-latitude case (compare with Figures 2 and 3 ) for θ < 6
• . As discussed earlier, three regimes (1,2 and 3) are still persistently present for θ < 6
• when eitherL, Ω F orÊ alone is varied. The nature of the shocked plasma (i.e., hydro/magneto-dominated states) discussed in §3.1.2 thus appears to hold true in each regime. A clear anti-correlation is seen between Θ and σ, whileṀ 2 is well correlated with Θ as in the low/mid-latitude shocks. For appropriate sets of parameters, as θ changes, we see that the shocked plasma makes a gradual qualitative transition between hydro-dominated (large Θ(r) and small σ 2 (r)) and magneto-dominated (small Θ(r) and large σ 2 (r)) cases in the polar regions, too.
As to the solutions for θ > 6
• , the solution topology roughly appears to be a mirror image of that for θ < 6
• , as expected. For example, in Figure 7e a magneto-dominated solution at θ ∼ 4
• is realized with a large Ω F -value while another magneto-dominated solution at θ ∼ 9
• is achieved by a largeL-value. What is common between these cases is large values forLΩ F . In other words, the downstream plasma becomes magneto-dominated whenever eitherL or Ω F is large enough forLΩ F to become also large, which is what we expect from our earlier discussion.
By comparing Figures 7 (a = 0) with 8 (a = 0.5) we note that the basic structure of the solution topology seems to be very weakly dependent on BH rotation. It is therefore possible for us to make qualitative predictions a priori of MHD shock properties once the initial condition is given, independent of the BH spin. (2), is chosen at θ = 6
• . The other notations are the same as in Figure 2 . Figure 6 ). In the case of the high-latitude shocks, however, the acceptable angular range of the shock location ∆θ is much narrower than that of the low/mid-latitude shocks (compare Figure 9 with Figure 6 ). This means that the formation of polar shocks is more strictly regulated by the initial flow parameters than that of low-latitude shocks. Particularly, we find that the plasma angular momentumL and the angular velocity of the magnetic field line Ω F are the essential factors. This is because the shock conditions and trans-magnetosonic conditions are largely dependent on these two parameters. Hence, it may be easier to pinpoint specific parameter sets that allow high-latitude shock formation. In discussion section, we will further explore the astrophysical implications of these results.
Energy Dependence
We have investigated various angular dependence in the previous sub-section, coming to the realization that the shocked plasma is regarded as hydro-dominated with weaker shocks for smallerLΩ F or magneto-dominated with stronger shocks for largerLΩ F for various θ. Here, let us examine the other parameter dependence of high-latitude shocks. Although the accreting plasma may posses different values of E and η depending on whether it falls near the equatorial plane or from the polar regions, a fundamental trend of the shock properties should be universal. In this sub-section, therefore, we hold θ constant (= 30
• ) while changing other initial parameters and see how shock quantities will respond. Our Paper I has shown that the shocked plasma temperature Θ is well correlated with the plasma energy E in the equatorial plane. Following a similar approach, let us explore the dependence on ηE (total energy flux) below for non-equatorial flows.
In Figure 10 the energy fluxηÊ is varied together with another parameter (eitherL or Ω F ), starting from the same template solution set as in Figure 2 . We find both fast and intermediate MHD shocks in this calculation, although our primary concern is focused on fast shock formation. In Figure 10 the branches of solution curves between crosses (×) denote the intermediate shocks along the curves. The fast and intermediate shocks are smoothly connected with one another as the shock location changes. It is found that relatively strong shocks develop with largeηÊ for either increasingL or decreasing Ω F . The shock location r sh extends outward with increasing λ. In this solution Θ can become quite high ( 2.0) while σ stays low ( 0.6). Note that σ always remains relatively small, independent of the value ofηÊ. When the effect of radiation process is considered, a large amount of thermal radiation would be released at the shock front. High Θ and small σ are good indication of a hydro-dominated state. Let us further examine this view point in terms of the energy distribution. Figure 11 shows the fluid and magnetic components ofÊ vs. radius r for two models: Model (3) with smallηÊ and Model (4) component constantly dominates over the magnetic component, suggesting that the shocked plasma is regarded as hydro-dominated all the way, regardless ofηÊ. This is consistent with the fact that the resulting value ofLΩ F in this calculation is kept small (LΩ F ∼ 0.4). Further details of these two models are given in Table 2 .
The corresponding global shock-included solutions are shown in Figure 12 whereηÊ and Ω F are both varied simultaneously. Notice in Model (3) that Θ(r) is small (e.g., Θ(r sh ) ∼ 0.5 whenηÊ is small), while σ(r) always stays small (e.g., σ(r sh ) 0.55). In the previous section, we noted that high Θ with small σ corresponds to the hydro-dominated state. The present case, on the other hand, is a good example where the shocked plasma is not so effectively heated up while σ is also small. Therefore, a larger fraction of the total energy of the postshock plasma remains as kinetic energy whenηÊ is small. AsηÊ increases, on the other Table 2 . Characteristics of models (3) and (4) Although we do not show in this paper, we also considered an opposite case whereLΩ F is kept relatively large (LΩ F ∼ 0.82). If the above interpretation is correct, then the shocked plasma should always be magneto-dominated with largeLΩ F , independent ofηÊ value. The shock was found to be relatively stronger in this case, consistent with our earlier claim that the shock tends to be stronger in the magneto-dominated plasma with largeLΩ F . In the postshock plasma we confirmed in our separate calculations that the magnetic component does dominate over the fluid component ofÊ. Hence, we noticed that the shocked plasma state (hydro-dominated or magneto-dominated) is insensitive to ηE. Table 2 for the model parameters.
BH Spin Dependence
As another important parameter, let us explore the BH spin dependence of the shockrelated quantities in Figure 13 . Figure 13a shows that the shock indeed becomes stronger in general as a increases, regardless of other parameters. Note that Ω F andηÊ must increase whileL must decrease for stronger shocks. The shock location also shifts outward correspondingly with increasing a in Figure ? ?b. This is because the fluid component of the total angular momentum (via u φ in the right-hand-side of equation (4)) increases as a increases due to the frame-dragging by the rotating BH, causing a greater centrifugal barrier for the plasma corotating with the BH. Consequently, the accreting plasma is subject to more radical deceleration at more distant locations, allowing stronger shocks to develop further out. That is, the outward shift of the shock location with increasing a is caused purely by a general relativistic effect which is also responsible for changing the shock strength. Note also in Figure 13 that the downstream temperature Θ ranges from very low (Θ < 1) to very high (Θ > 1), depending on theηÊ-value, while the magnetization does not change substantially.
The above interpretation is justified by comparing various shock solutions. Four representative models are shown in Figure 14 where a andL are both varied together. Their characteristic properties are given in Table 3 . As a increases, the resulting value ofL decreases. It is clearly seen from u φ in Figure 14 that the accreting plasma acquires more angular momentum as a increases because of the frame-dragging effect. Notice that u φ Fig. 12. -The global shock-included solutions with varying sets ofηÊ andL for Ω F = 0.22811 andη = 0.006. We set a = 0 and θ = 30
• . The numbers indicate models (3) and (4). In Model (4), A out and A in are respectively the outer and inner Alfvén points for the solution with an intermediate shock. The other notations are the same as in Figure 4 . becomes negative when a = −0.08 near the horizon: that is, the counter-rotating preshock plasma is forced to rotate in the corotating sense with the BH. The velocity jump in |u r (r sh )| also increases with increasing a, leading to stronger shock formation. This also means that the plasma energy is redistributed at the shock front in such a way that the kinetic part ofÊ is reduced. Interestingly, Figure 14 shows that as a increases the postshock plasma becomes heated more. It is thus reasonable to say that more kinetic energy is spent to increase Θ with increasing a. Accordingly, magnetization of the postshock plasma σ 2 decreases, showing a good anti-correlation between Θ and σ, as expected. Figure 15 illustrates the fluid and magnetic components ofÊ vs. radius in two models: (5) a = −0.08 and (8) a = 0.2. As a increases, the shocked plasma state generally tends to shift from magneto-dominated to hydro-dominated. This agrees well with the anticorrelation between Θ and σ as discussed in §3.1-3.2. Thus, it is concluded as a increases that the large value ofLΩ F tends to produce a strong shock resulting in a magneto-dominated postshock plasma. This behavior, however, appears to be opposite to our previous claim that the shocked plasma becomes magneto-dominated when the shock is stronger. The reason for this "apparent contradiction" is due to the frame-dragging by the BH rotation (i.e., a general relativistic influence on the plasma), but not due to inherent properties of the plasma. In other words, it is the rotating background spacetime, rather than the plasma itself, that is responsible for this transition.
Dependence on the Magnetic Field Geometry
In the previous sub-sections, a radial (δ = 0) poloidal magnetic field geometry has been assumed. It is important, however, to understand if any deviation from such a simplified geometry could have an effect on the resulting shock formation. For this purpose, we modify the poloidal field geometry by changing δ in the expression for B p that parameterizes the cross-section of the magnetic flux tube (see §2.2 for the definition of δ). Specifically, the magnetic field becomes more radially divergent (outward) for δ > 0 and convergent for δ < 0. Here, we compare the shock solutions for different magnetic field geometry (i.e., various values for magnetic flux tube): δ=0, 1 and 2 in Models (9), (10) and (11), respectively. The resulting characteristic properties are given in Table 4 for various δ. In each model Ω F is held constant. The other parameters,Ê andη, are then simultaneously varied to satisfy both the shock conditions and critical conditions at the magnetosonic points.
The results are shown in Figure 16 . Figure 16a clearly illustrates that the fast shock tends to become stronger as δ becomes larger. This is because the accreting plasma is more accumulated (or concentrated) toward a smaller cross-sectional area with decreasing r when δ > 0 due to the tapered magnetic field. With increasing δ, the accreting plasma in such a field geometry would also become slower. Furthermore, the outward magnetic pressure would be more effective in that case. A larger deviation from a purely radial field configuration tends to not only allow the stronger fast shock λ, but also enhance the shocked plasma Table 3 . Characteristics of models (5) to (8) temperature Θ, as shown in Figure 16b . The increase in magnetic energy (i.e., σ 2 − σ 1 ) is smallest when δ = 2 since the downstream plasma acquires more thermal energy across the shock. This is in good agreement with the previous anti-correlation between σ 2 and Θ. As LΩ F decreases (i.e., Models (9) → (11)), the downstream plasma becomes more heated and less magnetized. We will comment on this behavior later in the discussion section.
Discussion
In our numerical studies of MHD shocks in the accreting plasma, we explored various parameter dependence of fast MHD shock solutions (also including the search for intermediate shocks). From our systematic analysis of shock solutions, it is found that the two combined conserved quantities, namely the rotational energy per total energyLΩ F and the energy flux ηE, can essentially characterize the nature of shocks.
In both low-latitude and high-latitude regions, fast and intermediate MHD shock formation is generally possible with suitable conditions. The upstream hydro-dominated plasma then makes a transition across the shock. The resulting downstream plasma can either remain as hydro-dominated or become magneto-dominated depending on the parameters.
We find that relatively stronger (weaker) shocks result in magneto-dominated (hydrodominated) downstream plasma. Let us explain below the characteristic properties of the downstream shocked plasma state using a schematic illustration in Figure 17 . It is the rotational energy per total energy of the plasma,LΩ F , that is responsible for classifying these two downstream states. The magneto-dominated state is generally achieved by larger LΩ F while the hydro-dominated state is realized with smallerLΩ F . Our categorization of the shocked plasma state is also described by the shock-related quantities and energy partition. Depending on the value ofLΩ F , the following two branches are possible. Branch 1 : As a shock develops in the plasma with largerLΩ F , the magnetic component of the total energy dominates over the fluid component. That is, the upstream plasma makes a transition into a magneto-dominated downstream state, gaining large primarily magnetic energy. As a result, the downstream plasma tends to be strongly magnetized (σ 2 > 1) but heated less or "merely hot" (Θ < 1). This is indicative of an efficient energy conversion to the magnetic component Table 3 for the model parameters.
at the shock front, leaving a small fraction of thermal energy behind. One might expect that the downstream plasma energy would be equally divided between the fluid and magnetic components, but that is not always the case. Our results show that the magnetic component can be a major portion of the total energy in the case of the magneto-dominated downstream plasma. Branch 2 : On the other hand, when a shock forms in the plasma with smallerLΩ F , the upstream plasma makes a distinct transition into a hydro-dominated downstream state, gaining only a small amount of magnetic energy. Hence, the downstream plasma is only less magnetized (i.e., σ 2 < 1). In this case, the fluid component of the total energy is dominant over the magnetic component. This implies that the energy of the plasma is redistributed more to the fluid component (either kinetic part or thermal part) rather than the magnetic component across the shock.
We also found in section §3 the ηE-dependence of the downstream plasma. In Figure 17 , Table 4 . Characteristics of models (9) to (11) for each downstream state (Branch 1: magneto-dominated or 2: hydro-dominated), there exist two sub-states depending on the energy flux ηE: [Branch 1] In the case of the magnetodominated downstream state (σ 2 1), the shock tends to be maximally stronger when ηE is larger, and the downstream temperature is strictly kept lower while the magnetization is much larger. The relative magnitude of ηE therefore characterizes two sub-states: Branch 1-a ("very strong shocks") and 1-b ("moderately strong shocks"). In Branch 1, the magnetic component governs the major property of the downstream plasma. [Branch 2] In the case of the hydro-dominated downstream state (σ 2 1), it is found that Θ can be substantially higher and λ can be merely strong when ηE is larger. Again, the relative magnitude of ηE specifies two sub-states: Branch 2-a ("merely strong shocks") and 2-b ("weak shocks"). When the thermal part of the fluid component is more dominant over the kinetic part, the shocked plasma is thermally more energetic. The hydro-dominated plasma can thus be either kinematically more energetic but "merely hot" (Branch 2-b) or kinematically less energetic but "very hot" (Branch 2-a). An important property here, however, is that whether the shocked downstream plasma is magneto-dominated (Branch 1) or hydro-dominated (Branch 2) is essentially independent of the choice of ηE. As discussed above, it isLΩ F that determines which primary state is realized in the downstream plasma.
Regarding the BH spin dependence of the shock, it is already known for HD shocks that the shock tends to be stronger (weaker) in direct (retrograde) accreting flows (e.g., Lu & Yuan 1998; FT04) . In our case of MHD accreting plasmas, we find the trend similar to the HD case. It is shown in this paper that the MHD shock tends to be stronger and the downstream plasma becomes a more hydro-dominated state for larger a. This trend can be viewed as a purely general relativistic effect associated with the frame-dragging by a rotating BH. The fluid component of the angular momentum is amplified by BH rotation, causing more centrifugal force farther out. Because of the enhanced centrifugal force, the accreting plasma is subject to more deceleration, producing stronger shocks at more distant locations. When the effect of BH spin is included, the two plasma states that we have just found in Figure 17 does not completely apply because the plasma is then subject to the effect of a different spacetime geometry due to BH rotation. This, however, is not inherent to the plasma property, but rather to the spacetime geometry.
In the current paper we only consider the case where the magnetosphere rotates faster than the BH (i.e., Ω F > ω H ). When the BH rotates rapidly (and faster than the magnetosphere), the accreting plasma can possess negative total energy due to outgoing Poynting flux; i.e., E < 0 (see, e.g., Takahashi et al. 1990 , for the possibility of negative-energy accreting plasma). As a result, energy extraction becomes possible through Blandford-Znajek process (Blandford & Znajek 1977) . In such a case, properties of shock formation may be drastically different from the present slowly-rotating BH case. In terms of our MHD shock model, it is regarded that the energy extracted via the electromagnetic Blandford-Znajek process can also be converted to thermal energy through MHD shock formation. Although adiabatic shocks are investigated in the present paper, extension to radiative (isothermal) shocks will allow us to estimate a maximum power extracted from a rotating BH. This interesting case will be explored in our subsequent paper.
Although a wide range of parameter space seen above can allow various non-equatorial shock formation, the origin of the ingoing plasma may place a physical constraint on the parameter space, probably allowing only certain types of shocks to actually develop in the BH magnetopshere. Figure 18 shows a speculated geometry of the BH magnetosphere coupled to both the BH and the accretion disk, which is based on analytical studies (e.g., Nitta, Takahashi, & Tomimatsu 1991; Tomimatsu & Takahashi 2001 ) and recent numerical simulations (e.g., McKinney & Gammie 2004; Komissarov 2005; Uzdensky 2005) . Such a field geometry is somewhat similar to the solar magnetosphere in that the magnetic flux buoyantly escapes from the disk and creates loop-like structures similar to those in the solar corona (e.g., Shibata, Tajima, & Matsumoto 1990; Machida, Hayashi, & Matsumoto 2000) .
In Figure 18 ingoing plasma (falling toward the horizon) through the magnetic fields coupled to the disk and outgoing plasma (forming outflows and jets) extending outward are separated by a separatrix surface. In this viewpoint, the field line coupled to the inner disk region (i.e., marginally stable circular radius) is connected to a low-latitude event horizon (Path 1 in Figure 18 ), while the field line coupled to a distant part of the disk is linked to a high-latitude event horizon (Path 2 in Figure 18 ). The magnetic field lines frozen-in to the magnetized disk will then rotate faster (i.e., increasing Ω F ) with decreasing radius because the toroidal velocity of the disk should increase with decreasing radius. In our model more mass will be accreted along the low-latitude flows (i.e., larger η) while much less for the high-latitude accretion (i.e., smaller η). Let us discuss more about some of the implications from our present results in terms of this global perspective.
It is possible, for example, that low/mid-latitude plasma accretion originates directly from the inner disk matter through the low/mid-latitude magnetic field connected to the inner disk region (see Path 1 in Figure 18) . The plasma is then gravitationally bound to the BH potential well, and the energy of the ingoing plasma from the inner disk region would be small (E m p c 2 ), while the angular momentumL can be moderately large. This is consistent with our previous results that relatively largerL is required for low-latitude shocks. Since Ω F and η would be relatively larger along this path near the equator,LΩ F is equivalently larger. The product ηE can be larger or smaller depending on the competition between small E-value and large η-value (large accretion of plasma η can be expected from the inner disk region). According to our categorization in Figure 17 , these types of shocks will then belong to Branch 1 (magneto-dominated): the resulting shock should be relatively strong, possibly producing dominant non-thermal (power-law) emissions near the equator.
On the other hand, if the source of the incoming plasma is attributed to a distant Figure 18 ), the plasma injected from the disk surface inside the separatrix becomes ingoing flows, while the plasma outside the separatrix becomes outgoing jets/winds. The fact that the Lorentz factor γ of the observed relativistic jets/winds in AGNs is generally γ ∼ 10 −100 implies the presence of highly energetic plasmas being accelerated within the BH magnetosphere. The plasmas inside the separatrix would also possess the same order of magnitude of energy at the time when they were injected to form the jets/winds. Therefore, the original energy of the plasmas in this region can also be γ ∼ 10 − 100 to begin with. A major part of the energy can be magnetic in this case. The angular momentum of such plasmas should be relatively smaller compared with that of the previous case (Path 1), since a considerable amount of the angular momentum is transported outward in order to overcome the effective potential well. Particularly in polar regions, we expectL ≪ 1. This is in good agreement with our results that smallerL is required for polar shocks to form. Then,LΩ F should be relatively smaller, as opposed to the previous case (Path 1). ηE may or may not be large depending on how small η can be along Path 2. According to Figure 17 , these polar shocks are thus identified as Branch 2 (hydro-dominated): the resulting shock should be relatively weak, possibly creating a very hot polar region. This type of shocked plasma may dominantly produce thermal (blackbody) emissions.
If the actual connection between the BH and the disk in the global magnetosphere is similar to ours in Figure 18 , we can thus expect highly-magnetized MHD plasmas with relatively strong shocks primarily near the equator (Branch 1 along Path 1), whereas heated hydro-dominated MHD plasma flows with relatively weak shocks are more favored in polar regions (Branch 2 along Path 2), if we assume the BH magnetosphere suggested in Figure 18 . However, if a considerable amount of equatorial plasma falls onto the BH with smallLΩ F and no the fluid effects are dominant in the plasma flow, then no MHD shock would be expected. It is possible that the BH is threaded by open magnetic fields extending outward. In that case, the value of Ω F may not necessarily be correlated to the differentially rotating disk. Our speculation for the situation depicted in Figure 18 could then be different. Either way, the boundary conditions are critical for determining what types of shocks would be expected.
Concluding Remarks
In the present work, low and high latitude standing MHD shocks are found for various model parameters. We systematically categorized, for the first time, the shock solutions by employing two conserved quantities, namely the rotational energy per total energy and the energy flux of the plasma. That is, the knowledge of a set of preshock parameters will essentially allow us to predict the shocked plasma state. These two parameters are thus fundamental to the resulting shock solutions. The classification by our numerical method should therefore be very useful in predicting, for instance, the resulting shock-related properties such as the shock strength, plasma temperature and its degree of magnetization. We show that the energy transport between the the plasma and the magnetic field can take place even more effectively across the shock front. This transition is internally caused by the energy transport between the plasma and the magnetic field, which was discussed in a shock-free portion of MHD flow. Further assuming a plasma source in the framework of a global BH magnetosphere (disk-corona models), we also show that our present model is also able to give some implications on the types of expected shock formation in low and high latitude regions.
Explanation for the observed X-ray reprocessed component (i.e., iron fluorescence) in some Seyfert galaxies requires the presence of a primary hard X-ray source (a corona) near an accretion disk. Although there have been some proposed scenarios in the literature for explaining this X-ray source (via magnetic reconnection, for instance), our non-equatorial shocked plasma can also be one of good candidates for this powerful X-ray source (e.g., TRFT02; FT04). Das (2000) and Le & Becker (2004) discussed a possibility that energetic outflows can be triggered at an isothermal shock front in accreting inflows (i.e., shock-driven outflows), in which case the shock formation would be a strong driving force for the outflows. Following this, a natural step in our future work will be to extend our present work to isothermal MHD shock formation to estimate possible energy dissipation at the shock front. This would allow us to relate the released energy to the subsequent events (e.g., radiation and/or mass outflows).
Another line of future work includes standing MHD shocks with a BH rotating faster than the magnetosphere. Some Seyfert galaxies (e.g., and Galactic BH candidates (e.g., XTE J1650-500) are observationally speculated to host a rapidly-rotating BH. In that case, the energy of accreting plasma can be negative and the energy extraction from the rotating BH would be electromagnetically possible via the Blandford-Znajek process. The extracted energy could then be transformed into thermal energy of the plasma, possibly giving rise to radiation. Thus, it is also important to investigate how the shock formation would take place around a rapidly-rotating BH.
On the other hand, if we consider a dynamical behavior of MHD shocks, it is possible that the shock location oscillates (moving shocks). Then, the subsequent emitted X-rays could give rise to an oscillating pattern (i.e., quasi-periodic oscillations or QPOs), often seen in Galactic BH candidates (microquasars), GRS 1915+105, for instance (e.g., Das, Rao, & Vadawale 2003) . Such a dynamical signature in X-ray observations would be correlated with the stability of the shock. Whether the shock front is steady-state or dynamical, more detailed determination of the plasma parameters corresponding to observations would require further knowledge of the global boundary conditions at the plasma source somewhere in/near the disk.
Our current classification found by more analytical methods can help gain deeper insight from the results obtained by more large-scale MHD time-dependent numerical simulations. These issues will also be addressed in our future work. KF thanks A. Liebmann for carefully reading the manuscript. This work was supported in part by the Grants-in-Aid of the Ministry of Education, Culture, Sports, Science and Technology of Japan (17030006,M.T).
